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Collagen Stabilization at Atomic Level: Crystal
Structure of Designed (GlyProPro)10foldon
by water bridges [9], and inductive effects of OH groups
in hydroxyproline [10, 11].
In addition, it has been observed that crosslinking of
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the NC domains are essential for chain registration and
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domains are C-terminal to the Gly-Xaa-Yaa sequence,
Summary
but, recently, an N-terminal coiled-coil domain was re-
ported as an oligomerization domain in collagen XIII [16].
In a designed fusion protein the trimeric domain foldon
Coiled-coil domains are apparently also responsible for
from bacteriophage T4 fibritin was connected to the
trimerization of the collagenous domains of other pro-
C terminus of the collagen model peptide (GlyProPro)10 teins [20].
by a short Gly-Ser linker to facilitate formation of the
Despite the absolute requirement of NC domains for
three-stranded collagen triple helix. Crystal structure
correct oligomerization of the collagen triple helix, the
analysis at 2.6 A˚ resolution revealed conformational
NC domain structures are divergent among all colla-
changes within the interface of both domains com-
gens. For example, the structure of the NC1 domain of
pared with the structure of the isolated molecules.
collagen IV [12, 13] is unrelated to that of collagen X
A striking feature is an angle of 62.5 between the
[14] and to the coiled-coil domain in collagen XIII [16].
symmetry axis of the foldon trimer and the axis of the
However, common to all the different domains is a tri-
triple helix. The melting temperature of (GlyProPro)10 merization potential, which leads to a high local concen-
in the designed fusion protein (GlyProPro)10foldon is tration of collagen chains, which, in turn, promotes triple
higher than that of isolated (GlyProPro)10, which sug- helix nucleation by entropic reasons [21–23]. An aro-
gests an entropic stabilization compensating for the
matic zipper has been proposed as a model for the initial
destabilization at the interface.
trimerization event, but, in view of the heterogeneity of
oligomerization domains, it is likely that other mecha-
nisms exist [24]. Indeed, trimerization can also be in-Introduction
duced by forming disulfide linkages between the chains
[17, 18, 21].The collagen triple helix is a very common structural
element in many extracellular proteins. Some of the col- In agreement with the above hypothesis, a trimeric
foldon domain of fibritin stabilizes the collagen modellagens are the most abundant proteins in animals. In a
collagen triple helix, three left-handed polyproline II-like peptide (GlyProPro)10 if linked to its C terminus [23]. In
addition, the kinetics of triple-helix formation was foundhelices are combined to form a right-handed superhelix
[1, 2]. Polypeptide chains forming these helices have a to be much faster in the designed protein (GlyProPro)10-
foldon than in isolated (GlyProPro)10 [21]. In native T4Gly-Xaa-Yaa repeat, frequently with proline (Xaa) and
hydroxyproline (Yaa), respectively. The collagen triple phage fibritin, the only 27-residue-long foldon domain
forms a trimeric nucleus necessary for the formation ofhelix not only occurs in the more than 20 true collagens,
but also in proteins like C1q, lung surfactant protein, a three-stranded coiled coil. Mutagenesis experiments
showed that fibritins missing the foldon domain did notcollectins, and others [3]. The mode of stabilization of
the very solvent-exposed collagen triple helix is not fully fold correctly [25].
To address the question of the molecular mechanismunderstood, and different interactions have been pro-
posed [4]. These include hydrogen bonds that span be- by which the foldon stabilizes triple helix formation, we
solved the crystal structure of (GlyProPro)10foldon. Thetween glycine residues and prolines in the X position of
an adjacent chain [5, 6], a controversial [7, 8] stabilization interface between the (GlyProPro)10 and the foldon part
was analyzed, and the designed structure was com-
pared with those of the isolated molecules. In spite of*Correspondence: joerg.stetefeld@unibas.ch
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School of Biological Sciences, University of Manchester, 2.205 Stop- Key words: collagen folding; collagen stability; foldon; protein de-
sign; hetero assembly; NC domainford Building, Oxford Road, Manchester, M13 9PT, United Kingdom.
Structure
340
the Gly-Ser linker inserted between the two domains, bonding and twisting of collagen and by conformational
potential interactions found in the standalone domains deviations of both domains in comparison with the
were not formed in the chimeric protein. The requirement standalone structures (Figures 2 and 3). A complex
of collagen to adopt a staggering by one residue results asymmetric pattern of main chain hydrogen bonds stabi-
in a 62.5 angle between the proper symmetrical foldon lizes the interface between the foldon domain and the
domain and the triple helix of (GlyProPro)10. The struc- collagen-like triple helix (Figure 2). For example, chains
ture demonstrates the relative ease of the conforma- A and B, as well as chains B and C, are connected
tional adaptation of different domains within a designed by interchain bonds between Glu39 (amide group) and
protein. Combining the structural data with thermody- Gly35 (carboxy group) (Figure 2). Similarly, interchain
namic evidence, we conclude that the interface tends hydrogen bonds between Ile37 of chains A and B and
to destabilize the structure and that the increased stabil- between Ile37 of chains B and C are formed. In contrast,
ity of (GlyProPro)10 in the designed protein is entropic equivalent interactions are not observed between A and
in nature [21–23]. C (Figures 2 and 3A). This results in an extended confor-
mation of subunit A only, forming a loop from Tyr36 to
Results and Discussion the last proline (Pro32) of the collagen-like triple helix
(Figures 1A and 2). Such behavior is required for the
Overall Structure one-residue staggering of the individual chains to form
Here we present the crystal structure of the designed a collagenous triple helix. The outstanding feature of
protein (GlyProPro)10foldon at 2.6 A˚ resolution (Figure subunit A is pursuit also at the C terminus of the triple
1A). The structure was solved by Patterson search meth- helix. Gly30 (A) shows, with a phi angle of63.6, slightly
ods with the foldon domain of fibritin M and the 21-amino distorted geometry, causing disfavored force field pa-
acid residue-based model of (GlyProPro)10 as search rameters for an ideal main chain hydrogen bond with
templates, respectively [26, 27]. The structure contains Pro31 from chain B (Figure 3B and Table 1). In addition,
the elongated N-terminal collagen triple helix [(GlyPro- the second n to n1 interchain hydrogen bond between
Pro)10, residues 3–32], a Gly-Ser linker (residues 33–34), Gly33 (chain A) from the Gly-Ser linker and Ser34 from
and the globular assembly domain foldon (residues 35– chain B is not formed (Figure 3B). In contrast, interchain
61) at the C terminus. Residues 35–61 correspond to hydrogen bonds (n to n2) between (Gly30/33) N-H and
residues 457–483 in the fibritin M structure (Figure 1B)
OC (Pro28/31 X position) from chain B to C and from
[26]. (GlyProPro)10 forms a rod-like triple-helical struc- chain C to A are established. The proper registration
ture with a length of about 85 A˚ and a diameter of about
and formation of interchain hydrogen bonds for all three10 A˚ (Figure 1A). In contrast, the foldon is a  propeller-
chains is observed in the preceding GlyProPro unit (resi-like structure that has a globular shape, with a diameter
dues 27–29). Therefore, it can be concluded that twoof about 25 A˚, and features a proper 3-fold symmetry.
chains are linked in a more stable way than the thirdThe first and last residues seen in the electron density
subunit, which loops out.are Gly6 and Leu61, respectively (Figure 1B). The angle
between the common axis of the collagen-like triple
helix and the rotation axis of the homotrimeric foldon is
Collagen Triple Helix
62.5 (Figure 1A). This is in good agreement with the
The three chains in the collagen-like triple helix are stag-calculated value (64.2) between the projection of the
gered by one residue from its adjacent chain and displaytriple-helical axis onto the C plane of three terminal
many of the overall features observed for previouslyproline residues in a standalone (GlyProPro)10 molecule. reported structures of (GlyProPro)10 [9, 27, 28]. Its pa-Three parts in the (GlyProPro)10foldon structure are dis-
rameters are summarized in Table 1. As proposed bytinct: the foldon, the collagen-like triple helix, and the
the model of Okuyama, the triple helices form a right-interface between both domains. Aside from the cova-
handed superhelix with 7/2 symmetry [27]. Interchainlent attachment mediated by the Gly-Ser linker, no inter-
hydrogen bonds between (Gly) N-H and OC (Pro Xactions between both autonomous domains, foldon and
position) can be detected, with the exception of the last(GlyProPro)10, can be observed. Within the crystal lattice,
GlyProPro unit (residues 30–32) at the C terminus offoldon domains are arranged in a quasi-hexagonal array
(GlyProPro)10 (Figures 2 and 3B). The approximate 15 A˚with side by side interactions, which are electrostatic in
spacing between the axis of triple helices is too longnature (Figure 1C). The C-terminal ends of the foldon
for direct contacts. In contrast to previously reportedare packed against each other via a hydrophobic tail to
structures [9, 29, 30], only a minor quantity of boundtail assembly, which results in a compact three-dimen-
water molecules forming hydration shells can be de-sional packing of foldon bilayers (data not shown). The
tected supporting water binding [7] and structural datacollagen-like helices are laterally packed in an antiparal-
[8]. From the 121 water molecules within the whole struc-lel manner (Figure 1D). The hexagonal arrangement of
ture, only 34% surround the collagen-like model,unidirectionally oriented triple helices, which can be at-
whereas 80 water molecules are in contact with thetributed to the foldon part, is completed by antiparallel-
foldon. The extensive network of intrachain, interchain,oriented collagen-like helices from the adjacent foldon
and interhelical water bridges, which was discussed asbilayer.
a possible source of collagen stabilization [29, 30], is
not observed in the current work, although the limitedInterface between (GlyProPro)10
resolution of the structure has to be considered. In addi-and the Foldon Domain
tion, to pack bulky foldon parts, lateral packing of tripleThe interface between (GlyProPro)10 and the foldon do-
main is defined by changes in the interchain hydrogen helices becomes loose compared with (GlyProPro)10
Collagen Folding Mechanism
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Figure 1. Structure of the (GlyProPro)10foldon
Backbones of the collagen-like triple helix and the foldon domain are shown in different colors; side chains are colored according to atom
type. In all figures, the colors are as follows: subunit A, red; subunit B, blue; subunit C, green.
(A) Stereoview of the overall structure. The symmetry axis and symmetry elements are shown by a line and symbolic representations,
respectively.
(B) Sequence structure alignment. Sequences are shown as blocks of ten residues. The first two N-terminal residues, Gly1 and Ser2, are not
part of the coding sequence. Amino acid residues with the geometry of the collagen triple helix are indicated with a blue bar, and those with
the foldon geometry are indicated with a green bar. Residues disobeying the geometry of the standalone molecules are highlighted with a
pink bar.
(C and D) Molecular arrangement of (GlyProPro)10foldon within the crystal along the c axis in the ab plane for the foldon domain (C) and as a
projection of the bc plane for (GlyProPro)10 (D). The reference molecules are shown by van der Waals spheres. Color-coding is according to
the physical properties of the surface-forming amino acids (foldon domain, dark green; aromatic, red; negatively charged, blue; positively
charged, yellow; residues with -branched side chains and for (GlyProPro)10 light green; proline is in X and Y positions). In contrast to the
unidirectional foldon molecules arranged in a plane, (GlyProPro)10 triple helices are staggered and antiparallel arranged (same direction as
reference molecule, gold; antiparallel orientation, pink). All figures were prepared with the program DINO (http://www.biozentrum.unibas.ch/
xray/dino).
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Figure 2. Stereo View of the Initial, Unbiased 2Fo  Fc Electron Density Map at 2.6 A˚ Resolution, Contoured at 1  with Phases from the
Correctly Positioned Truncated Foldon Domain
Superpositioned on the map is the current refined model. For clarity, the electron density map and amino acid labels are shown in different
color-codes according to Figure 1. X and Y positions of proline residues are emphasized in parentheses. Hydrogen bonds between carboxy
groups and amide groups of the peptide bond were determined in CNS [36] and are indicated as dotted yellow lines.
structures without the foldon [9, 27, 28]. Therefore, it is triple helices in collagen (Figure 4B). Individual helices
in coiled-coil domains form quasi-planar levels defineddifficult to locate water molecules at certain places. This
by hydrophobic core residues in a and d positions ofis underlined by a relatively high B value of 46 A˚2 for the
the heptad repeat, allowing a straight chain prolongationcollagen-like domain in the (GlyProPro)10foldon structure
and coincidence of rotation axis of the foldon and com-in comparison with an overall B factor of 28 A˚2. However,
mon axis of the coiled-coil domain (Figure 4B) [26, 31].it has recently been reported that water bridges do not
Clearly, the staggered arrangement of individualcontribute significantly to collagen stability, but, rather,
chains in a collagen triple helix imposes a major confor-that collagen stability relies more on inductive effects
mational problem when connecting it to the foldon do-[10, 11].
main (Figure 4). To circumvent this problem, we placed
a Gly-Ser linker between both domains. The linker was
Implications for Protein Design inserted in such a way that glycine and serine continue
(GlyProPro)10foldon was designed with the aim of stabi- the characteristic collagen sequence register forming
lizing short and intrinsically labile collagen-like triple hel- interchain hydrogen bonds between neighboring chains
ices by trimerization with a foldon domain [23]. Interest- (Figure 1B). Starting from Gly33 a modified Gly-Xaa-Yaa
ingly, the connection between the foldon and the model pattern can be attributed until the proline residue with
collagen provides the transition between two different sequence number 41 [G-S(‘X’)-G(‘Y’)-Y-I(‘X’)-P(‘Y’)-E-
symmetry elements, the strict 3-fold rotational symme- A(‘X’)-P(‘Y’)]. This results in the formation of interchain
try of the foldon domain and the helical symmetry of a bonds (n to n2 rule) between (Gly33) N-H and OC
collagen-like triple helix. (Pro31 X position) for chains B to C and chains C to A
The foldon itself forms a very stable obligatory trimer (Figure 2). However, bonds according the n to n1 rule
[23]. The three chains of the foldon domain in the (Gly- between Gly30 and Pro31 as well as Gly33 and Ser34
ProPro)10foldon structure show a structural identity for of chains A and B are not detected (Figure 3B). No main
residues Ile37–Leu61 (root mean square deviation in C chain hydrogen bonds in total are observed for Tyr36,
positions of 0.46 A˚2 ) (Figure 4A). However, a kink at which is the next residue in a glycine-equivalent posi-
position Ile37 defines the point of divergence from local tion. This is compensated, first, by Ile37(‘X’), which
3-fold symmetry. In contrast, a superposition of all three makes intersubunit interactions with identical residues
foldon subunits in native fibritin M reveals identity and of adjacent chains (n to n) and, second, by Glu39 (also
demonstrates the different modi in either trimerizing a in a glycine-equivalent position), which makes hydrogen
bonds with Gly35(‘Y’) in an n to n4 manner (Figurecoiled-coil domain or ensuring a proper assembly of
Collagen Folding Mechanism
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Figure 3. Destabilizing Effects at the Inter-
face between (GlyProPro)10 and Foldon
Stereoview of the interface, color-coded as in
Figure 1, superpositioned with corresponding
regions of the standalone foldon [26] and
(GlyProPro)10 [27], colored according to atom
type.
(A) Alteration of hydrogen bond network at
the Ile37 kink. Distances between CO of
Gly35 (A) and NH of Glu39 (C) and Ile37 (A)
and Ile37(C) are 8.48 A˚ and 3.98 A˚ (cyan dot-
ted lines). Hydrogen bonds between Gly457
(A) and Ile459 (A) and between Glu461 (C)
and Ile459 (C) in isolated foldon are shown
as yellow dotted lines.
(B) Extended loop conformation of chain A
between Pro32 and Tyr36 results in a loss of
interchain hydrogen bonding of the n to n1
type between subunits A and B (Gly30–Pro31
and Gly33–Ser34).
2). Remarkably, in the foldon part (residues 35–61), the a result slippage of chains and misorientation in the
triple helix and a lower stabilization are to be expected.corresponding interchain hydrogen bonds between
chains A and C are not observed (Figure 3A).
In spite of this adaptation, in which a short Gly-Ser Thermodynamic Transition Data
spacer is of help, a loss or distortion of interactions of (GlyProPro)10foldon
present in the standalone molecules is observed. Be- In a preceding publication we found a much increased
cause of the stagger of chains between the three colla- melting temperature of the collagen triple helix in the
gen-like chains and the planar plane of N-terminal resi- chimeric molecule (GlyProPro)10foldon [23]. This was ex-
dues in the foldon, an angle of 62.5 is formed between plained by the high intrinsic concentration of the chains
the two domains. The bending leads to an asymmetry imposed by the trimeric foldon clamp. A value of the
of chain conformations near the interface and, interest- intrinsic concentration of 1 M was estimated from a
ingly, also to a different symmetry of packing of the triple comparison with thermodynamic data for noncross-
helices and the foldon domains belonging to the same linked (GlyProPro)10. A similar value was obtained from
molecule (Figures 1C and 1D). However, on the basis of crystallographic evidence (see [31] and this work), indi-
the spatial interpretation of the three different connec- cating that the N termini of the foldon are located in a
tions between the foldon and (GlyProPro)10, a Gly-Ser volume of approximately 20 A˚3. In the referenced work
linker in one chain, a single glycine or serine in the the total standard enthalpy of (GlyProPro)10foldon was
second chain, and no linker in the third chain might be determined to be approximately the weighted sum of
the optimal solution. The necessary heteroassembly of the enthalpies of the two domains. The stabilizing effect
three different chains would, however, impose a severe was therefore attributed to the concentration term in
preparative difficulty. the entropy of the reaction.
An increase of the length of the linker region is pre- This work indicates that enthalpic interactions are di-
dicted to relax the need for a bent. On the other hand minished in the foldon and (GlyProPro)10 triple helix in
high flexibility of the linker region will lower the registra- the chimera as compared with those in the isolated
tion function of the trimeric NC1 or foldon domain and proteins because of unfavorable and, in part, missing
interaction in the interface. Ignoring the entropy changes,the intrinsic concentration imposed by this domain. As
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Table 1. Data Collection, Refinement, and Helical Parameters
Data Collection Statisticsa
Resolution (A˚) 2.6 (2.68–2.6)
Observed reflections 25.421
Unique reflections 4.410
Completeness 95.1 (95.0)
Redundancy 2.2
Rsymb 10.7 (22.4)
Wilson B factor (A˚2) 36.4
	I/I
 9.7 (3.8)
Refinement Statistics
R factorc (%) 23.4 (29.8)
Rfree (%) 29.6 (37.6)
Mean B factor (A˚2) 28.3
Bonds (A˚)d 0.006
Angle ()d 1.73
Ramachandran plote 81.8/16.7/1.5/0
Main Chain Dihedral Anglesf
(GlyProPro)10foldon Idealized 7/2 Helix
φ X position 73.0 (5.8) 79.3
 X position 157.3 (4.1) 159.4
φ Y position 60.5 (4.6) 59.5
 Y position 153.4 (6.0) 146.3
φ Gly 72.5 (8.9) 66.2
 Gly 169.1 (3.5) 175.9
Helical and Superhelical Parameters7
(GlyProPro)10foldon Idealized 7/2 Helix
Helical height (A˚) 8.4 8.6
Superhelical height (A˚) 2.8 2.9
Helical twist () 48.2 51.4
Superhelical twist () 103.9 102.9
a Final shell in parentheses.
b Rsym  |I  	I
|/.
c R factor  ||Fobs|  |Fcalc||/|Fobs|.
d Root-mean-square error.
e Percentage of residues in most-favoured/additional allowed/generously allowed and disallowed regions of the Ramachandran plot.
f Standard deviations are given in parentheses.
g These parameters relate tripeptides that are pseudoequivalent by screw symmetry. Helical height and helical twist were measured between
adjacent tripeptides within the same chain. Superhelical height and twist relate tripeptides in adjacent chains. The last tripeptide (residues
30–32) was excluded from the calculations.
the stabilities of both the triple helix and the foldon The chimeric (GlyProPro)10 foldon demonstrates an
impressive adaptation of two intrinsically different struc-domain are expected to decrease after combining the
tures at the interface between the collagen-like and thetwo domains, contrary to experimental observations [21,
globular domain, but the stagger of the three collagen23]. Accurate values for the enthalpic changes cannot be
chains in a collagen triple helix enforces an angle ofextracted from the conformational data or by calorimetry
62.5 between the two domains. The linker between thebecause of a difficulty to separate the partially resolved
domains in the designed protein consist of only twomelting profiles of (GlyProPro)10foldon [23]. However,
residues, and, also, in natural collagen IV, the numberqualitatively, the crystallographic data support the con-
of residues is similar; the residues are interspaced be-clusion that entropic contributions are responsible for
tween the collagenous region with a Gly-Xaa-Yaa repeatthe increased melting temperature of the collagen-like
and the structurally defined region in the crystal struc-triple helix in the chimeric molecule.
ture of the globular NC1 domain [13]. It is therefore
predicted that the NC1 domain of collagen IV emerges
Biological Implications under an angle from the collagen triple helix. Crystallo-
graphic evidence is missing so far for collagen IV and
In contrast to globular proteins, a single polypeptide other collagens with noncollagenous domains, but elec-
chain of collagen cannot fold. Association and registra- tron micrographs of collagen IV dimers suggest the exis-
tion of all three chains through a globular NC domain tence of a bent conformation with flexibility of the angu-
are required. In contrast to our detailed knowledge con- lar distribution [19, 32, 33]. Angles of 0–90 are observed
cerning structural features of collagen domains, much between the two collagen strands in dimers interlinked
by two interacting NC1 domains. This indicates an angleless is known about their assembly mechanism.
Collagen Folding Mechanism
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Figure 4. Foldon Shows Large Spatial Adap-
tation
(A) Superposition of all three  hairpin struc-
tures of the C-terminal foldon and the Gly-
Ser linker (amino acid residues 33–61). Side
chains of core residues contributing to the
intersubunit interface of foldon (Tyr36, Ile37,
Tyr47, Val48, Arg49, Trp54, and Phe60) are
labeled and colored according to atom type.
(B) Comparison of foldon from fibritin M (gold;
Protein Data Bank code 1AVY) with foldon in
the chimeric (GlyProPro)10foldon colored as
in Figure 1. The aromatic knot composed of
Tyr36 (Tyr458 in fibritin M) is highlighted. The
last core residue in the trimeric coiled coil
of fibritin (Leu453) in d position and the last
proline residue (number 32) of (GlyProPro)10
are shown. Whereas all three leucine residues
from the coiled coil are in a plane, the proline
residues in the collagen triple helix are stag-
gered by one residue.
as starting model. The solution had a correlation of 50.7% and anof up to 45 compared with an angle of 62.5 for the
R factor of 45.3% after rigid-body refinement. Interpretation of thedesigned protein. Importantly, angles near the NC1 do-
preliminary difference Fourier map clearly indicated additional elec-main are an essential feature of the network model of tron density for all N-terminal foldon residues (35–39), including the
collagen IV in basement membranes, as proposed by Gly-Ser linker (33–34), and it became obvious that the helix axis of
Yurchenco and Furthmayr [33]. the collagen was not directed along a crystallographic 2-fold axis
(Figure 2). During the second step, the search for the collagen tripleThe structure presented here is the first example in
helix was performed in the presence of the fixed foldon domain.which the junction between collagenous and noncollag-
Rotational and translational searches were performed in 15 differentenous domains is resolved at atomic resolution, and it resolution shells showing consistent solutions. On the basis of the
is challenging to extend this work to natural collagen right solution of the first search unit, the position of all nine tripeptide
with noncollagenous terminal domains. units could be determined and refined subsequently. Positional re-
finement was performed with CNS by the maximum likelihood
method [36]. Refinement with CNS was alternated with manual elec-Experimental Procedures
tron density refitting of side chains and terminal regions with MAIN
[37]. After all native amino acid residues were included, the R valueCrystallization and Data Collection
dropped to 32.7%. The target parameters of Engh and Huber [38],(GlyProPro)10foldon with the sequence shown in Figure 1B was ex-
overall anisotropic B factor scaling, and bulk solvent correctionspressed in Escherichia coli and purified as described (see [23]).
were utilized, applying soft noncrystallographic symmetry restraintsCrystallization experiments were performed at room temperature
for core residues (from Gly44 to Ile61) of the trimeric foldon domain.by vapor diffusion. Hanging drops were made by mixing 2 l protein
Simulated annealing omit maps confirmed the correctness of thesolution (7 mg ml1) with 0.1 M sodium actetate, 0.2 M ammonium
foldon and (GlyProPro)10 structures. Water molecules, chosen bysulfate, and 25% PEG 4000 at pH 4.6. Only crystals containing
distance criteria and hydrogen bonding geometry, were added and50–100 mM magnesium sulfate in the mother liquor were suitable
were tested for position in spherical density, reasonable tempera-for X-ray experiments. The crystals belong to the space group C2,
ture factors, real space R values, and improvement of the R factors.
with dimensions of a  48.6 A˚, b  27.9 A˚, c  112.3 A˚, and  
The final model includes 168 amino acid residues and 121 water
105.3. The native data set was collected at 100 K with monochro- molecules. The final R factor and free R factor are rather high
matized CuK radiation (  1.5418 A˚) from an Elliott GX-20 rotating (23.37% and 29.61%), which can be explained by the fact that about
anode on a MAR imaging plate detector. Diffraction images were 10% of the protein residues were found to be disordered.
processed with the program suite MOSFLM [34] and the CCP4 pack-
age [35]. Statistics of the merged data are given in Table 1. Acknowledgments
Structure Determination and Refinement We are grateful to A. Vagin for helpful discussions concerning impli-
Analysis of the self-rotation and native Patterson function suggested cations in MOLREP. We thank S. Strelkov and G. Orriss for stimulat-
that the asymmetric unit contains one molecule of (GlyProPro)10fol- ing discussions and critical reading of the manuscript. This work
don (VM  2.04). The crystal structure of (GlyProPro)10foldon was was supported by the Swiss National Science Foundation (J.E.).
solved by Patterson search methods with the program MOLREP
[35] with the foldon domain of fibritin M [26] and the 21-amino Received: October 1, 2002
acid residue-based model of (GlyProPro)10 [27] as search templates. Revised: December 16, 2002
Accepted: December 19, 2002During the first step, a truncated foldon (residues 40–61) was used
Structure
346
References in single-chain and trimerized peptides: transition from third to
first order kinetics. J. Mol. Biol. 317, 459–470.
22. Engel, J., and Kammerer, R.A. (2000). What are oligomerization1. Bateman, J.F., Lamande, S.R., and Ramshaw, J.A.M. (1996).
Collagen superfamily. In Extracellular Matrix, Volume 2, W.D. domains good for? Matrix Biol. 19, 283–288.
23. Frank, S., Kammerer, R.A., Mechling, D., Schulthess, T., Land-Comper, ed. (Amsterdam: Harwood Academic Publishers), pp.
22–67. wehr, R., Bann, J., Guo, Y., Lustig, A., Bachinger, H.P., and
Engel, J. (2001). Stabilization of short collagen-like triple helices2. Traub, W., and Piez, K.A. (1971). The chemistry and structure
of collagen. Adv. Protein Chem. 25, 243–352. by protein engineering. J. Mol. Biol. 308, 1081–1089.
24. Brass, A., Kadler, K.E., Thomas, J.T., Grant, M.E., and Boot-3. Hakansson, K., and Reid, K.B. (2000). Collectin structure: a re-
view. Protein Sci. 9, 1607–1617. Handford, R.P. (1992). The fibrillar collagens, collagen VIII, colla-
gen X and the C1q complement proteins share a similar domain4. Brodsky, B. (1999). Hydrogen bonding in the triple-helix. Proc.
Indian Acad. Sci. 111, 13–18. in their C-terminal non-collagenous regions. FEBS Lett. 303,
126–128.5. Crick, F.H.C., and Rich, A. (1955). The molecular structure of
collagen. Nature 176, 780. 25. Letarov, A.V., Londer, Y.Y., Boudko, S., and Mesyanzhinov, V.V.
(1999). The carboxy-terminal domain initiates trimerization of6. Ramachandran, G.N., and Kartha, G. (1955). Structure of colla-
gen. Nature 176, 593–595. bacteriophage T4 fibritin. Biochemistry 64, 817–823.
26. Strelkov, S.V., Tao, Y., Shneider, M., Mesyanzhinov, V.V., and7. Engel, J., Chen, H.T., Prockop, D.J., and Klump, H. (1977). The
triple helix in equilibrium with coil conversion of collagen-like Rossmann, M.G. (1998). Structure of bacteriophage T4 fibritin
M: a troublesome packing arrangement. Acta Crystallogr. Dpolytripeptides in aqueous and nonaqueous solvents. Compari-
son of the thermodynamic parameters and the binding of water Biol. Crystallogr. 54, 805–816.
27. Okuyama, K., Okuyama, K., Arnott, S., Takayanagi, M., and Ka-to (L-Pro-L-Pro-Gly)n and (L-Pro-L-Hyp-Gly)n. Biopolymers 16,
601–622. kudo, M. (1981). Crystal and molecular structure of a collagen-
like polypeptide (Pro-Pro- Gly)10. J. Mol. Biol. 152, 427–443.8. Okuyama, K., Nagarajan, V., and Kamitori, S. (1999). 7/2-helical
model for collagen—evidence from model peptides. Proc. In- 28. Berisio, R., Vitagliano, L., Mazzarella, L., and Zagari, A. (2002).
Crystal structure of the collagen triple helix model. Protein Sci.dian Acad. Sci. 111, 19–34.
9. Kramer, R.Z., Vitagliano, L., Bella, J., Berisio, R., Mazzarella, L., 11, 262–270.
29. Bella, J., Eaton, M., Brodsky, B., and Berman, H.M. (1994). Crys-Brodsky, B., Zagari, A., and Berman, H.M. (1998). X-ray crystal-
lographic determination of a collagen-like peptide with the re- tal and molecular structure of a collagen-like peptide at 1.9 A˚
resolution. Science 266, 75–81.peating sequence (Pro-Pro-Gly). J. Mol. Biol. 280, 623–638.
10. Holmgren, S.K., Taylor, K.M., Bretscher, L.E., and Raines, R.T. 30. Bella, J., Brodsky, B., and Berman, H.M. (1995). Hydration struc-
ture of a collagen peptide. Structure 3, 893–906.(1998). Code for collagen’s stability deciphered. Nature 392,
666–667. 31. Tao, Y., Strelkov, S., Mesyanzhinov, V.V., and Rossmann, M.G.
(1997). Structure of bacteriophage T4 fibritin: a segmented11. Jenkins, C.L., and Raines, R.T. (2002). Insights on the conforma-
tional stability of collagen. Nat. Prod. Rep. 19, 49–59. coiled coil and the role of the C-terminal domain. Structure 5,
789–798.12. Sundaramoorthy, M., Meiyappan, M., Todd, P., and Hudson,
B.G. (2002). Crystal structure of NC1 domains: structural basis 32. Timpl, R., Wiedemann, H., van Deleden, V., Furthmayr, H., and
Ku¨hn, K. (1981). A network model for the organization of typefor type IV collagen assembly in basement membranes. J. Biol.
Chem. 277, 31142–31153. IV collagen molecules in basement mebranes. Eur. J. Biochem.
120, 203–211.13. Than, M.E., Henrich, S., Huber, R., Ries, A., Mann, K., Kuhn, K.,
Timpl, R., Bourenkov, G.P., Bartunik, H.D., and Bode, W. (2002). 33. Yurchenco, P., and Furthmayr, H. (1984). Self-assembly of base-
ment membrane collagen. Biochemistry 23, 1839–1850.The 1.9 A˚ crystal structure of the noncollagenous (NC1) domain
of human placenta collagen IV shows stabilization via a novel 34. Leslie, A.G.W. (1994). MOSFLM Users Guide (MRC-LMB: Cam-
bridge).type of covalent Met-Lys cross-link. Proc. Natl. Acad. Sci. USA
35. Collaborative Computational Project 4. (1994). The CCP4 suite:99, 6607–6612.
programs for protein crystallography. Acta Crystallogr. D Biol.14. Bogin, O., Kvansakul, M., Rom, E., Singer, J., Yayon, A., and
Crystallogr. 50, 760–763.Hohenester, E. (2002). Insight into Schmid metaphyseal chon-
36. Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros,drodysplasia from the crystal structure of the collagen X NC1
P., Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges,domain trimer. Structure 10, 165–173.
M., Pannu, N.S., et al. (1998). Crystallography and NMR system:15. Lesage, A., Penin, F., Geourjon, C., Marion, D., and van der Rest,
a new software suite for macromolecular structure determina-M. (1996). Trimeric assembly and three-dimensional structure
tion. Acta Crystallogr. D Biol. Crystallogr. 54, 905–921.model of the FACIT collagen COL1–NC1 junction from CD and
37. Turk, D.C. (1992). Weiterentwicklung eines programmes fu¨r mo-NMR analysis. Biochemistry 35, 9647–9660.
leku¨lgraphik und elektronendichte-manipulation und seine an-16. Snellman, A., Tu, H., Vaisanen, T., Kvist, A.P., Huhtala, P., and
wendung auf verschiedene protein-strukturaufkla¨rungen. PhDPihlajaniemi, T. (2000). A short sequence in the N-terminal region
thesis, Technische Universita¨t Mu¨nchen, Munich, Germany.is required for the trimerization of type XIII collagen and is con-
38. Engh, R.A., and Huber, R. (1991). Accurate bond and angleserved in other collagenous transmembrane proteins. EMBO J.
parameters for X-ray protein structure refinement. Acta Crys-19, 5051–5059.
tallogr. A 47, 392–400.17. Ba¨chinger, H.P., Bruckner, P., Timp, R., Prockop, D.J., and En-
gel, J. (1980). Folding mechanism of the triple helix in type-III
Accession Numberscollagen and type-III pN-collagen. Role of disulfide bridges and
peptide bond isomerization. Eur. J. Biochem. 106, 619–632.
Coordinates have been deposited in the Protein Data Bank under18. Bruckner, P., Ba¨chinger, H.P., Timpl, R., and Engel, J. (1978).
accession code 1NAY.Three conformationally distinct domains in the amino-terminal
segment of type III procollagen and its rapid triple helix leads
to and comes from coil transition. Eur. J. Biochem. 90, 595–603.
19. Do¨lz, R., Engel, J., and Ku¨hn, K. (1988). Folding of collagen IV.
Eur. J. Biochem. 178, 357–366.
20. Hoppe, H.J., Barlow, P.N., and Reid, K.B. (1994). A parallel three
stranded alpha-helical bundle at the nucleation site of collagen
triple-helix formation. FEBS Lett. 344, 191–195.
21. Boudko, S., Frank, S., Kammerer, R.A., Stetefeld, J., Schulthess,
T., Landwehr, R., Lustig, A., Bachinger, H.P., and Engel, J.
(2002). Nucleation and propagation of the collagen triple helix
